In the present work, a CdTe alloy doped with a relatively high concentration of chromium (1%), and a CdTe:Cr layer, have been studied. Absorption and reflectivity spectra were measured at room temperature. They indicate the presence of chromium in the divalent state, both in the alloy and in the layer.
Introduction
Chromium doped II-VI semiconductors are currently of great interest as mid-infrared solid-state laser materials and as saturable absorbers for passive Q-switching [1] [2] [3] [4] [5] . A tunable laser operation of chromium ions in the region 2 -3 µm (e.g., ZnSe:Cr, CdSe:Cr, and CdMnTe:Cr) has been reported [5] . New Cr doped laser host materials are being sought for extending the current laser wavelength coverage as well as for improving laser efficiency. The optical centers in these materials have been assigned to the Cr 2+ ions occupying tetrahedral lattice sites [1] [2] [3] [4] [5] .
The spectroscopic properties of CdTe:Cr are favorable for laser applications because of a large emission cross section (∼2.5 × 10 −18 cm 2 ) and a high emission quantum * E-mail: ppotera@univ.rzeszow.pl yield (∼88%) [5] . In addition, CdTe can easily incorporate Cr ions either through melt growth or through diffusion doping. The chromium ions in CdTe:Cr crystals can occur in both Cr + and Cr 2+ charge states [6] [7] [8] [9] . The Cr + (3d 5 ) ions occupying the cadmium sites in CdTe were initially studied using the electron nuclear double resonance (ENDOR) and the electron paramagnetic resonance (EPR) methods [6, 7] . The IR absorption or transmission spectra of Cr 2+ ions in CdTe were initially studied by others authors for the crystals obtained by different methods (e.g., growth from the melt with Cr doping achieved either through in-situ doping [7, 8] or through a thermal diffusion process [8] ). It has been shown that these optical properties are strongly dependent on the host composition [8] . The Cr 2+ in CdTe have also been studied by the EPR method [7, 9] . Unfortunately, the optical studies of CdTe:Cr grown from the melt were done only for a small chromium concentration in the material. Additionally, these studies were not performed simultaneously for layers and for the bulk compounds that were used as targets during preparation of the layers. Moreover, our simultaneous investigation of the EPR spectra for samples with various concentrations of chromium indicates that ∼1% chromium ions is the minimum concentration near which the visible changes of magnetic properties appear in the EPR spectra. Therefore, optical measurements of samples with higher concentrations of chromium are necessary to carry out.
In the present work, the reflectivity and absorption spectra of samples cut from pure and from relatively high chromium doped CdTe alloys, as well as the absorption spectra of the layers obtained from the alloys, are presented and discussed.
Experimental details
Two types of CdTe:Cr materials were investigated: one obtained by the simple melting of the components Cd, Te, Cr (alloy), and the other by the pulse laser deposition (PLD) method wherein a layer is deposited from the alloy on a glass substrate. For the preparation of the CdTe:Cr layer, the pulsed YAG: Nd laser (first harmonic -1.064 µm), with energy of 400 mJ in pulse, was used in the standard PLD method [10] . The pulse duration was 40 ns, the repetition time was 3 s, and the number of pulses -200. The layer was deposited on an ordinary microscopy cover glass at room temperature. The thickness of the layer is about 200 nm. The reflection and absorption spectra were measured for a CdTe:Cr sample cut from the alloy prepared from the melt (the average chemical composition of the obtained alloy was checked by X-ray fluorescence analysis at 1% chromium). The CdTe alloy and layer, obtained under the same conditions as the CdTe:Cr ones, were also examined for comparison.
The absorption spectra of the CdTe:Cr and CdTe layers (as well as the alloys) were recorded in the 9000-50000 cm −1 spectral range using a spectrophotometer Unicam UV 300 at room temperature (293 K) (with wavelength accuracy ± 0.5 nm, photometric accuracy < ± 0.4%, and stray light < ± 1%). Measurements of the reflection of the CdTe:Cr and CdTe alloys were made using a reflective attachment for the spectrophotometer (with wavelength accuracy ± 0.5 nm and reflectivity accuracy ± 1.5%).
The EPR spectra were investigated in a wide range of temperatures, from 78 K to 400 K, using the EPR X-band spectrometer. The magnetic field was characterized by homogeneity below 5 × 10 −6 mT/K and field resolution 10 µT. The magnetic field was measured by automatic nuclear magnetic resonanceTeslameter (type RX-32) with resolution 0.1 µT. Measurements at liquid nitrogen tem- peratures were carried out using a Bruker BVT3000 nitrogen cryostat with temperature accuracy of 0.1 K.
Results and discussion
Absorption of Cr-doped cadmium telluride bulk crystals were initially studied and described in detail in several papers (e.g., in [7] ), but were limited to materials with relatively low Cr concentration (< 0.35%). The absorption spectrum of the investigated CdTe:Cr alloy (containing 1% chromium) is shown in Fig. 1 . This spectrum is typical for chromium doped CdTe bulk crystals [7] . The absorption edge of the CdTe:Cr sample is broadened and strongly shifted toward lower energies relative to the pure CdTe alloy sample (Fig. 1 ). These effects have also been observed by other authors and have been interpreted as being connected with an absorption tail of chromium ions that overlaps the fundamental absorption edge. It has been shown additionally in [7] that the values of the absorption coefficient within the tail are proportional to the Cr concentration, explaining the "strong shift" observed for our investigated sample (due to a higher concentration of chromium ions). The EPR investigations reveal the presence of chromium ions in the divalent state of the investigated alloy [9] . Moreover, our analysis of the EPR spectra for other samples with different levels of chromium shows that the increase in the concentration of chromium strongly modifies the magnetic properties of the CdTe material. For chromium concentrations near 1%, the EPR spectra of CdTe:Cr show the existence of ferromagnetic interactions at room temperature (Fig. 2) . This effect is not observed for smaller concentrations of chromium [9] . The broadening of the EPR line during an increase of temperature was observed. The measurements and analysis of the position as well as the width of the EPR line suggest the existence of a ferromagnetic phase below 346 K [11, 12] . This result is very important and has been discussed in a separate paper [12] . The reflectivity spectrum of the CdTe:Cr alloy in the region 50000-20000 cm −1 is practically the same as it is for undoped CdTe (Fig. 3) . The reflectivity spectra for pure CdTe bulk crystals have been studied in, for example, papers [13, 14] . For both alloys investigated, CdTe:Cr and CdTe, E 2 peaks (the transition from the X 5 valence band to the X 1 conduction band [13] ) of strong intensity in the region 41000-42000 cm −1 were observed (Fig. 3) in the reflectivity spectra. Similar observations were made for E 1 and E 1 + ∆ 1 peaks (connected with transitions from the spin-orbit split Λ 3 valence band to the Λ 1 conduction band [13] ), albeit not with well pronounced structure. Our X-ray diffraction studies of the CdTe:Cr alloy show a cubic CdTe zinc-blende crystal structure, similar to that of pure CdTe, and exclude the microscopic inclusions of other phases. Our early powder X-ray diffraction studies indicate that the structure of the samples with higher chromium concentrations (up to 5%) is free from other phases [12] . Furthermore, our SEM studies of the fractured face of the CdTe:Cr show a large-grain polycrystalline structure of the sample [12] . It is known from diffraction measurements, that our PLD of the CdTe layers results in a polycrystalline mode of growth consisting of regular isolated crystallites of 0.5 µm size, almost the same for all of them [15] . Note that our other work [11] shows (by the X-ray diffraction method) that, for a concentration of chromium below 5%, the CdTe:Cr easily crystallize in the zinc-blende structure of the CdTe crystal, without the inclusion of CrTe phases (Cr 7 Te 8 , Cr 3 Te 4 , Cr 5 Te 6 , etc.) that crystallize in a different structure (e.g., in the structure of NiAs [16] ). In this work, the main diffraction peaks of the CdTe:Cr correspond very well with the zinc-blende structure of the CdTe crystal.
The similarity in structures of reflectivity spectra for both investigated samples (CdTe and CdTe:Cr) (Fig 3a and 3b) show that the presence of chromium ions of a relatively high concentration does not change the energy band structure (X 1 , X 5 , Λ 3 , Λ 1 ).
In the reflectivity spectrum of the CdTe:Cr alloy, a reflection band in the region 9800-11000 cm −1 is observed (Fig. 4) . This band does not appear in the reflectivity spectrum of the investigated pure CdTe alloy (Fig. 4) , suggesting that this contribution in the reflectivity spectrum of the CdTe:Cr alloy may be due to the presence of chromium ions (in + 2 states [9] ). Since the intensity of this band was very weak for samples with smaller concentrations of chromium, we assume that this band can be connected to an interaction between chromium ions (exchange interaction) [9, 11, 12] . The band with a maximum near 11800-12200 cm −1 occurring in both of the reflectivity spectra of the investigated samples can result from the E 0 -allowed direct transition from the upper valence band (Γ 15 ) to the lowest conduction band (Γ 1 ) [13, 17, 18] . The absorption spectrum of the CdTe:Cr layer obtained by the PLD method on the glass substrate is shown in Fig. 5 . Absorption of the sample includes absorption of the glass substrate. The absorption edge of the glass substrate lies near 34000 cm −1 and the presence of absorption bands are not observed in the glass absorption spectrum (Fig. 5) . The difference absorption spectrum of the CdTe:Cr layer, calculated as a difference between the absorption spectrum of the CdTe:Cr layer and the glass substrate, is shown in Fig. 5 . The glass substrate does not influence the structure of the absorption of the layer, and only slightly changes the absorption (Fig. 5) . The absorption band below 12000 cm −1 is observed for this sample. In addition, a very weak increase of the absorption without clear structure is observed in the regions 12800 -14450 cm −1 and 19500 -23500 cm −1 . In the case of the CdTe layer, an absorption growth only in the region 12800 -14450 cm −1 is observed (Fig. 6 ). The presence of Cr 2+ ions in the pseudo-tetrahedral site suggests the prevalence of the single-crystalline phase in the investigated CdTe:Cr layer. Let us note that the absorption growth in the region 10000-7500 cm −1 was observed by other authors (in the paper [19] ) for the poly- crystalline CdTe:Cr sample obtained by diffusion doping. In that work, the strong absorption band centered at 5244 cm −1 was connected to Cr 2+ ions but, unfortunately, the nature of the growth of the absorption in the region 10000-7500 cm −1 was not identified.
The nature of the increase of the absorption of the CdTe:Cr layer in the regions 12800-14450 cm −1 and 19500-23500 cm −1 is not clear. One of the most likely interpretations is the presence of unknown growth defects in the layer. The increase of the absorption of the CdTe with a maximum near 12890 cm −1 was assigned to excitons in [20] . This possibility can be supported by the presence of absorption growth with a maximum near 13000 cm −1 in both the CdTe and CdTe:Cr layers. The growth of absorption in the region 19500 -23500 cm −1 is not observed for the CdTe layer that suggests its connection with chromium ions. This absorption also does not appear in the layers obtained from the samples with low chromium concentration. We ascribe this absorption to point defects appearing as a consequence of high level chromium doping. The other possibility is connected to the optical transition that results from the exchange interaction between chromium ions.
Conclusions
The analysis of the absorption and reflectivity spectra of the relatively strongly doped CdTe:Cr alloy and the glass/CdTe:Cr film obtained from this alloy indicates that chromium ions are in the Cr 2+ state in both cases and that both of them have good quality structure. It is shown, using the optical method, that the presence of chromium ions in relative high concentration does not change the electronic structure and structural quality of alloys, but may lead to the production of unknown point defects. For concentrations of chromium ions near 1%, the CdTe:Cr alloy can be present in a ferromagnetic phase. In this way, further studies of the parameters and structure quality of layers as a function of alloy composition and of the PLD parameters, as well as of the chromium concentration, are necessary.
